Abstract Studies report increased risk of preterm birth (PTB) among underweight and normal weight women with low gestational weight gain (GWG). However, most studies examined GWG over gestational periods that differ by term and preterm which may have biased associations because GWG rate changes over the course of pregnancy. Furthermore, few studies have specifically examined the amount and pattern of GWG early in pregnancy as a predictor of PTB. Within one integrated health care delivery system, we examined 12,526 singleton pregnancies between 2000 and 2008 among women with a body mass index \25 kg/m 2 , who began prenatal care in the first trimester and delivered a live-birth [28 weeks gestation. Using self-reported pregravid weight and serial measured antenatal weights, we estimated GWG and the area under the GWG curve (AUC; an index of pattern of GWG) during the first and second trimesters of pregnancy (B28 weeks). Using logistic regression adjusted for covariates, we examined associations between each GWG measure, categorized into quartiles, and PTB (\37 weeks gestation). We additionally examined associations according to the reason for PTB by developing a novel algorithm using diagnoses and procedure codes. Low GWG in the first and second trimesters was not associated with PTB [aOR 1.11, (95 % CI 0.90, 1.38) with GWG \8.2 kg by 28 weeks compared to pregnancies with GWG [12.9]. Similarly, pattern of GWG was not associated with PTB. Our findings do not support an association between GWG in the first and second trimester and PTB among underweight and normal weight women.
conventional measures of GWG historically examined (i.e., total GWG or average rate of GWG) may have biased observed associations between GWG and preterm birth due to the inherent correlation between GWG and gestational age [4] . GWG is not linear throughout pregnancy. Instead, it is slower during the first trimester and then increases at a relatively linear rate in the second and third trimesters [5] . Thus, a woman who delivers earlier will have a lower total and average rate of GWG than a woman who delivers later. Most studies have been limited by the availability of only two weight measures (pregravid or early pregnancy weight and weight at delivery) and therefore have examined total GWG or average rate of GWG across the entire pregnancy [2] . To reduce bias associated with gestational age, some studies have examined rate of GWG in the second and third trimesters only by assuming a constant GWG in the first trimester among all pregnancies. This, however, also assumes that first trimester gain is less informative and few studies have specifically examined first trimester GWG. An alternative approach to resolve the inherent bias with gestational age is to examine GWG up to a given gestational week achieved by all pregnancies and determine whether GWG differs among those who eventually delivered preterm or at term. Furthermore, it has been suggested that the pattern and timing of GWG over the course of pregnancy, not just the total amount, may be an important predictor of preterm birth, particularly for spontaneous preterm labor [6, 7] . Few studies, however, have used serial weight measures to examine GWG patterns throughout pregnancy [6] [7] [8] [9] .
The objective of this study was to use serial antenatal weights to examine whether low GWG in the first and second trimesters is associated with preterm birth among women with a pregravid body mass index (BMI) \25 kg/ m 2 . We additionally examined whether associations differed between spontaneous and medically-indicated preterm births.
Methods

Participants
We conducted a retrospective cohort study using data from electronic medical records from Kaiser Permanente Northwest (KPNW), a large nonprofit prepaid, federally certified, Joint Commission-accredited, integrated health care delivery system with approximately 475,000 members in western Oregon and Washington State. Members include individuals and families covered by commercial group and individual self-pay health plans, Washington State Basic Health Plan (subsidized, Washington State only), Medicare Advantage, and Medicaid (Oregon and Washington State). This study was approved by the Centers for Disease Control and Prevention and the KPNW Institutional Review Boards.
To identify pregnancies, we used a validated algorithm that links indicators and dates of pregnancies and pregnancy outcomes to create pregnancy ''episodes'' [10] . Validation of this algorithm by experienced medical record abstractors showed 100 % agreement for live birth outcomes between episodes identified by the algorithm and those identified through medical record reviews. To gather additional demographic information, pregnancies were then matched to live birth certificate records using a scored probabilistic matching method based on mother's name (maiden and married), date of birth, and address, and infant's name, date of birth, and facility of delivery/birth.
Gestational Weight Gain
There were 15,277 pregnancies that met our study inclusion criteria of maternal age C18 years with a pregravid BMI \25 kg/m 2 and a singleton, live-birth at [28 weeks gestation delivered within KPNW between January 2000 and December 2008. Pregravid BMI [weight (kg)/height (m 2 )] was calculated using weight and height data available in the KNPW data system. For pregravid weight, we preferentially used pregravid weight self-reported at the first prenatal visit because it was available for 88 % of pregnancies. When self-reported pregravid weight was not available, we used weight measured within the first 42 days of pregnancy (available for 39 % of pregnancies); else we used weight measured within -180 to 0 days prior to pregnancy (available for 17 % of pregnancies). For height, we used the median of all heights measured at C18 years of age. We did not use any biologically implausible weight (\34 kg), height (\1.2 or [2.0 meters), or calculated BMI (\12 kg/m 2 ) data. We assessed agreement between the self-reported and measured pregravid weight by calculating the intraclass correlation (ICC) for absolute agreement based on a two-way random effects model for a single measure. Self-reported pregravid weight demonstrated good agreement with weight measured within -180 to 0 days prior to pregnancy [ICC = 0.90, 95 % CI (0.87, 0.92), n = 5,967] or within the first 42 days of pregnancy [ICC = 0.95, 95 % CI (0.90, 0.97), n = 2,588]; selfreported weight underestimated measured pre-pregnancy and early pregnancy weight by an average of 1.1 kg (SD = 3.2) and 1.1 kg (SD = 2.2), respectively.
Over 90 % of eligible pregnancies had seven or more antenatal weight measurements. To be included in the analysis, pregnancies had to have a weight measured between 9 and 16 weeks gestation and within 4 weeks of delivery; 2,280 pregnancies were excluded for missing required data. To ensure erroneously recorded weights were not included in the analysis, we examined serial weight data (pregravid weight defined above and measured antenatal weights from medical records) using an algorithm to identify improbable weight values. Briefly, we examined the absolute and rate of measurement-to-measurement change, both forward (weight at time x vs. weight at time x?1 ) and backward (weight at time x vs. weight at time x-1 ) and omitted from analyses any weight indicating a drastic increase in weight gain followed by drastic weight loss, or vice versa. Cleaning of weight data resulted in the exclusion of 0.63 % of the total weight data available and an additional 55 pregnancies which no longer had the weight measures required for study inclusion.
We examined three different GWG measurements. GWG during the first trimester (13 weeks) was estimated by linear interpolation using pregravid weight, the closest weight before 13 weeks if available (mean 11.9 weeks, SD 1.8), and the closest weight measured after 13 weeks (mean 16.6 weeks, SD 2.2). At least one weight measured between 9 and 16 weeks was used. Similarly, GWG during the first and second trimesters (28 weeks) was interpolated using the closest weights before (mean 25.5 weeks, SD 2.0) and after 28 weeks (mean 29.9 weeks, SD 1.6). The mean gestational age for weights used in interpolations did not differ by preterm status. Finally, we estimated the area under the GWG curve (AUC) with respect to increase during the first and second trimesters using the trapezoid method [11, 12] . The AUC is an index of the kilogramdays gained or lost relative to pregravid weight, thus describing the pattern of GWG. For example, if two women each gained 5 kg by 28 weeks, the woman who gained the weight earlier in pregnancy will have a higher AUC compared to the women who gained the same amount of weight later. Once the GWG measures were created, we examined GWG distributions and identified two pregnancies as extreme outliers across more than one GWG measure. Manual inspection of weight measures confirmed recording errors across two successive weight measures; both pregnancies were excluded.
Outcomes
Gestational age at birth was determined using the estimated due date, documented by the clinician in the medical record, and the date of delivery. Preterm birth was defined as delivery \37.0 weeks gestation. We additionally categorized preterm type using an algorithm based on International Classification of Diseases, Ninth Revision, Clinical Modification (ICD9-CM) diagnosis and procedure codes recorded within 30 days prior to or 10 days after birth. A listing of all ICD9-CM codes found for the study sample was reviewed by obstetrician/gynecologists (KKV, CJB, WMC) to determine diagnosis codes that could be used to identify medical indication for delivery (Table 1) . Among pregnancies with a preterm delivery, preterm type was coded as: (1) (3) medically indicated, if delivery included an induction or cesarean section and a medical indication, or an induction but no identifiable medical indication. Postoperative charts for pregnancies with a cesarean section without identifiable medical indication (n = 16) were reviewed to determine the appropriate preterm type. Seven were determined to be spontaneous onset of labor with six of these a breech presentation. Eight were medically indicated and were predominately repeat cesareans in the 36th week. Preterm type could not be determined for one pregnancy and therefore it was excluded from the preterm type analyses.
Other Variables
We evaluated several maternal characteristics as potential confounders. Maternal age and Medicaid enrollment were obtained from the electronic medical record. Parity and tobacco use during pregnancy were obtained from the birth certificate. Race/ethnicity and mother's educational attainment were obtained primarily from the birth certificate, but if missing on the birth certificate they were obtained from the medical record. Pregnancies missing data on maternal characteristics were excluded from the study (n = 414).
Statistical Methods
Underweight (BMI \ 18.5 kg/m 2 ) and normal weight women (BMI 18.5-24.9 kg/m 2 ) were analyzed together because only 5.6 % of the eligible sample was underweight. We assessed the characteristics of pregnancies in the study compared with those who were excluded. We also compared characteristics of those in the study sample by preterm versus term status using Chi square statistics for proportions and ANOVA for continuous variables. We compared GWG measures by preterm versus term using least squares means and generalized estimating equations (GEE) which account for correlations introduced by including more than one pregnancy to the same mother. We then fit logistic regression models for preterm (all preterm types combined) versus term and for each preterm type separately versus term using GEE to examine associations between the three GWG measures separately and preterm birth while adjusting for potential confounders selected a priori. We examined associations using GWG categorized into quartiles where we used the highest quartile as the referent. To assess the robustness of associations, we performed sensitivity analyses excluding women with any diagnosis of diabetes or hypertension (determined by ICD9 code or indication on birth certificate) as GWG and risk of PTB may differ among women with these conditions. We additionally examined associations stratified by early to moderate preterm delivery (28-33 weeks gestation) or late preterm delivery (34-36 weeks gestation). Statistical significance was set at p \ 0.05. Statistical analyses were run in Statistical Analysis Software (SAS) version 9.2 (SAS Institute, Cary, NC).
Results
Our study sample included 12,526 pregnancies to 10,810 mothers. Pregnancies excluded from analysis (n = 2,751) occurred more frequently among women who had preterm births, were younger, were of a race/ethnicity other than non-Hispanic white, were less educated, were on Medicaid, were parous, and smoked during pregnancy (Table 2) . Among pregnancies included in the analysis, 5.8 % ended with a preterm delivery. Of these, 88.8 % were late preterm deliveries (34-36 weeks gestation). Pregnancies with a term delivery had more antenatal weights measured during pregnancy compared to those with a preterm delivery [10.6 (SD 2.6) vs. 9.1 (SD 2.9), p \ 0.0001]. There were also fewer days between the last measured weight to delivery among pregnancies with a term delivery [4.6 (SD 3.9) vs. Compared to pregnancies with a term delivery, those with a preterm delivery were more likely to be among women who were either younger or older, non-Hispanic black or Hispanic, less educated, nulliparous, and smoked during pregnancy (Table 3) . Pregnancies with preterm delivery were also more likely to be diagnosed with diabetes or hypertension during pregnancy. There were no differences in GWG or AUC for the first and second trimester by preterm status (Table 4) . Rate of GWG during the second trimester also did not differ by preterm status (mean 0.56 kg/week, data not shown). In adjusted models with preterm types combined, neither GWG nor AUC during the first and second trimesters was significantly associated with preterm birth (Table 5 ). More specifically, the odds of preterm birth were not higher among pregnancies with lower GWG compared to pregnancies gaining within the highest quartile. Among pregnancies ending preterm, 22.2 % were categorized as PROM, 56.3 % spontaneous, and 21.5 % as medicallyindicated. Results were similar after stratifying by preterm type, excluding women with any diagnosis of hypertension or diabetes, or stratifying by early to moderate preterm and late preterm delivery; neither GWG nor AUC in the first and second trimesters was associated with preterm birth (data not shown).
Comments
In this study, we used serial antenatal weight measurements to examine the association between GWG and preterm birth among women with a BMI \ 25 kg/m 2 . Unlike other studies that examined GWG over gestational periods that can differ among term and preterm births [2] , our study specifically examined GWG restricted to the first 28 weeks of gestation, a comparable time period regardless of birth outcome, and observed no association between the amount or pattern of GWG and preterm birth.
Results from some studies suggest that the association between GWG and preterm birth differs by the reason for preterm delivery. Two studies have also examined GWG early in pregnancy. Authors of one study observed that low GWG during the second trimester was associated with increased risk of preterm birth due to spontaneous labor or [13] . Findings from the second study indicated GWG in the first 18-22 weeks of gestation among women with normal BMI was inversely associated with spontaneous preterm birth (aOR per 0.1 kg/week gain 0.80, 95 % CI 0.66, 0.94), positively associated with medically-indicated preterm birth (aOR 1.22, 95 % CI 1.02, 1.45), but not associated with preterm birth due to PROM [6] . Our study does not corroborate these previous observations as we found no significant associations between GWG in the first two trimesters and preterm birth regardless of the reason for preterm delivery.
Our study also specifically examined GWG in the first trimester. Often researchers have only a pregravid weight and a delivery weight to estimate GWG. Thus, to determine the rate of GWG after the first trimester, first trimester gain is assumed to be about 1-3 kg for underweight and normal weight women [5] . However, few recent studies have specifically measured first trimester GWG to corroborate these estimates. Our estimates of first trimester gain were based on measured weights and were within this range at 2.4 kg. Interestingly, our data also indicate mean GWG in the second trimester, 0.56 kg/week, was higher than the range recommended for normal weight women (0.35-0.50 kg/ week) suggesting many women were on track to gain excess gestational weight. Strengths of this analysis include the use of measured height and measured weight collected over the course of pregnancy providing the ability to calculate trimester specific GWG as well as the pattern of GWG as measured by the AUC. Although pregravid weight was primarily selfreported, we utilized a rigorous data cleaning method to ensure meaningful errors were detected and it is unlikely reporting errors are related to preterm birth. Our data allowed for the examination of GWG over a comparable period regardless of the gestational age at birth. Additionally, GWG in the first and second trimesters is less likely to be influenced by edema and dietary or physical activity modifications (including prescribed bed rest) associated with hypertensive disorders and gestational diabetes, factors which may alter GWG and increase risk of preterm birth. We also used a validated, electronic algorithm to identify all pregnancies and morbidities, which allowed us to categorize type of preterm birth.
Our study is not without limitations. We relied predominately on self-reported prepregnancy weight; comparisons to measured weights suggest GWG in the first trimester may be overestimated by an average of 1 kg. Previous studies have suggested that low GWG among underweight women is more strongly associated with preterm birth, yet we did not have a large enough study sample to examine this higher risk group separately. Frequency of antenatal visits increases with gestational age, thus the gestational age at last weight measurement was slightly further from delivery for women with a preterm birth compared to those who delivered at term. We did not include preterm births \28 weeks gestation, thus do not know if GWG is associated with extremely preterm births. We also were unable to control for prior history of preterm birth, a strong risk factor for current preterm birth as these data were unavailable. Our study has limited generalizability, as women in our study were predominately nonHispanic white, normal weight, insured and enrolled in prenatal care during the first trimester. This may explain why our preterm birth rate was lower than the national rate.
In summary, the amount and pattern of GWG during the first and second trimesters was not associated with preterm birth occurring between 28 and 36 weeks gestation among underweight and normal weight women. The appropriate range of GWG is a balance between many risk factors including preterm birth and maternal weight retention [5] . If our findings are replicable, it is possible a lower range of GWG would be appropriate for underweight and normal weight women without increasing risk of preterm delivery. 
